Introduction
Feed-forward control is an effective way to reject the controlled process disturbances [1, 2] . When the disturbances are measured, control actions can be generated in an attempt to counteract the effects of the disturbances before they have influenced the process.
The most common engineering approach to design the feed-forward controllers is based on using first order plus time delay transfer functions as approximation to describe how the manipulated variable and the disturbance affect the control variable [3] . By applying the engineering design method, the feed-forward controller realization problem arises, when time delay in the disturbance path is less than time delay in process path. In this case, the negative dead-time term in feed-forward controller cannot be implemented, and it is advised simply to ignore this term [3, 4] . In this work, we investigate performance of the feed-forward controllers, in which the negative dead-time term is replaced with the Padé approximation. Performance results of the extended feed-forward controller are compared with those of ordinary steady-state and dynamic feed-forward controllers. 
The feed-forward controllers are usually applied in feed-back/feed-forward control systems, therefore, efficiency of the feed-forward control is investigated by simulation of a performance of the feed-back/feed-forward control system ( Fig. 1 ) with various feed-forward controllers introduced.
Design of feed-forward controller
A simplified engineering method for the feed-forward controller design refers to first order plus time delay approximations of the controlled process dynamics with respect to control and disturbance actions: 
The transfer function (3) of the feed-forward controller contains three terms. The first term compensates for the steady-state differences between d G and pr G paths.
The second term (lead/lag) compensates for the differences in time constants between the two paths. The last term is a dead-time compensator that compensates for the differences in dead-time between the two paths. 
= In this work, performances of four structures of feedforward controllers were investigated and compared:
III. Modified dynamic feed-forward [3]    
IV. Dynamic feed-forward in series with Padé approximation
Simulation results
Performance of the feed-forward control algorithms in a feed-back/feed-forward control system was investigated via numerical simulation implemented in Matlab/Simulink environment. Several transfer function models were generated to represent dynamics of controlled process with respect to control variable and disturbance (Table 1) . The variants of transfer functions, applied in the simulation experiments of control systems performance, are given in Table 2 .
The feed-back controller (PID) was adjusted for disturbance compensation by applying tuning rules developed for Integral of Absolute Error (IAE) criterion [5] . The feed-forward control algorithm (8) in simulation experiments is realized as a lead-lag compensator in series with PD controller, transfer function of which coincides with the Padé approximation term (4) .
Simulated performances of the investigated feedforward control algorithms (5)-(8) are evaluated by calculated values of the IAE criterion. In the simulation experiments, the IAE criterion values were calculated for the controlled process variants, presented in Table 2 , and the investigated feed-forward controllers (I-IV). Performances of the control systems were investigated for compensation step, ramp and sinusoidal type disturbances. Fig. 2 illustrates the simulated responses of control system to the investigated disturbances, corresponding to the controlled process variant No 18 in Table 2 . The improvement provided by the feed-forward controller IV is certainly noticeable. Calculation results of the IAE criteria for all investigated variants are given in Fig. 3 . Table 2) Significance of changes in the control system performance with the investigated feed-forward controllers is assessed by application of the statistical test [6] . The hypothesis is tested if the ratio
The used test statistic is
where X is the mean of sample of size 20 n  , and S is the standard deviation of sample.
The critical value of T at the significance level 0.05
, the difference in control performance results is assumed to be significant.
Results of the statistical test are presented in Table 3 .
The simulation results demonstrate that the dynamic feed-forward control algorithms (6)-(8) outperform the steady-state control algorithm (5) . The extended control algorithm (8) demonstrates somewhat better performance as compared to that of the ordinary (6) and the modified (7) lead-lag control algorithms. 
